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Summary
The phylogeny of insects, one of the most spectacular
radiations of life on earth, has received considerable
attention [1–3]. However, the evolutionary roots of one
intriguing group of insects, the twisted-wing parasites
(Strepsiptera), remain unclear despite centuries of study
and debate [1, 2, 4–11]. Strepsiptera exhibit exceptional
larval developmental features, consistent with a predicted
step from direct (hemimetabolous) larval development to
complete metamorphosis that could have set the stage for
the spectacular radiation of metamorphic (holometabolous)
insects [1, 12, 13]. Here we report the sequencing of a
Strepsiptera genome and show that the analysis of
sequence-based genomic data (comprising more than 18
million nucleotides from nearly 4,500 genes obtained from
a total of 13 insect genomes), along with genomic metachar-
acters, clarifies the phylogenetic origin of Strepsiptera
and sheds light on the evolution of holometabolous insect
development. Our results provide overwhelming support
for Strepsiptera as the closest living relatives of beetles
(Coleoptera). They demonstrate that the larval develop-
mental features of Strepsiptera, reminiscent of those of
hemimetabolous insects, are the result of convergence.
Our analyses solve the long-standing enigma of the
evolutionary roots of Strepsiptera and reveal that the9These authors contributed equally to this work
*Correspondence: o.niehuis.zfmk@uni-bonn.de (O.N.), b.misof.zfmk@uni-
bonn.de (B.M.)holometabolous mode of insect development is more
malleable than previously thought.
Results and Discussion
We sequenced the genome of Mengenilla moldrzyki (Fig-
ure 1A), a newly discovered species belonging to the early-
divergent strepsipteran family Mengenillidae [14]. The draft
genome of M. moldrzyki was sequenced from genomic DNA
using 454-pyrosequencing technology to an estimated
coverage of R143. De novo assembly of the genome from
the obtained reads produced 13,919 scaffolds and 87,021
nonredundant contigs spanning a total of 165 Mb. We inferred
16,772 ab initio models of nuclear-encoded protein-coding
(NEPC) genes, of which 13,296 were supported by extrinsic
evidence (e.g., transcripts). We also annotated protein
domains, DNA methylation-related proteins, noncoding
RNAs, and the complete mitochondrial genome (see Tables
S1–S7 available online; Figure S1).
The Strepsiptera genome sequence data were exploited to
test the following four current competing hypotheses about
the phylogenetic origin of Strepsiptera (Figure 1B): (1) Strep-
siptera are the sister group of all remaining insects with
completemetamorphosis (Holometabola) [15], (2) Strepsiptera
are the sister group of beetles (Coleoptera) [8], (3) Strepsiptera
are a derived lineage of polyphagan beetles [9], and (4) Strep-
siptera are the sister group of Diptera [5, 16, 17]. For this
purpose, we assessed orthology among the predicted NEPC
genes in theM.moldrzyki genome and those of 11 other insect
species with sequenced genomes (representing Coleoptera,
Diptera, Hymenoptera, Lepidoptera, and Acercaria; [18–28])
using a Markov Cluster algorithm implemented in the software
OrthoMCL [29] (Figure 1B). In total, we identified 15,614 groups
of orthologous NEPC genes; 4,485 of these groups contained
sequences of at least one representative per insect order.
After removing ambiguously aligned sites (identified at
the amino acid level), we evaluated the aligned amino acid
and correspondingly aligned nucleotide sequences of the
4,485 groups of orthologous NEPC genes for their degree of
substitutional saturation, relative compositional variance,
and for the ratioofpotential synapomorphic topotential autapo-
morphic characters. Compositional heterogeneity among
sequences was lowest and the number of potentially informa-
tive characters for inferring inter- and intraordinal phylogenetic
relationships was highest for RY-recoded (A and G / R;
T and C/ Y) second codon positions only, as compared to
nonrecoded or differently recoded data sets or data subsets
(Figure S3). The complete matrix of RY-recoded second codon
positions from the 4,485 groups of orthologous NEPC genes
consisted of approximately 1.8 million characters—the largest
data set ever compiled for inferring the phylogenetic origin of
Strepsiptera or any other insect order (Table S8).
We analyzed the RY-recoded second codon positions
using maximum likelihood (ML) tree inference. The inferred
phylogenetic tree (Figure 1B; Figure S2) was fully resolved
and received maximal statistical support for all branches. All
intra- and interordinal relationships are fully consistent
with the current view of insect phylogenetic relationships [2]
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Figure 1. Evolutionary Origin of Twisted-Wing Parasites Inferred from Genomic Evidence
(A)Mengenilla moldrzykimale in lateral (top; scale bar represents 1 mm) and frontal (bottom; scale bar represents 500 mm) view (colored SEMmicrographs;
wings in gray, compound eyes in blue).
(B) Phylogenetic relationships and larval development of holometabolous insects. Numbers above branches are bootstrap support values from analyzing
4,485 protein-coding genes (RY-recoded 2nd codon positions only; ML optimality criterion) and 8,983 near intron pairs (MP optimality criterion). Recent
hypotheses on the phylogenetic origin of Strepsiptera are shown in gray. Insect metamorphosis according to Truman and Riddiford [12], with pronymph
(yellow) and nymphal stages (green) of insects with direct development (e.g., Acercaria) being equivalent to larval stages (yellow; nymphoid late larval stage
of Strepsiptera in white) and pupa (green) of insects with complete metamorphosis (Holometabola); gray, wing buds and wings; blue, compound eyes.
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1310(e.g., Hymenoptera are monophyletic and placed as sister
to all remaining Holometabola, Diptera are monophyletic
and next to Lepidoptera, and Coleoptera are more closely
related to Diptera and Lepidoptera than to Hymenoptera).
M. moldrzyki is placed as the sister taxon of the flour beetle,
Tribolium castaneum (Figure 1B; note that the beetle Priacma
serrata was not included at this step of our investigation). This
result implies that Strepsiptera are either the sister group or
a highly derived group of Coleoptera.
In addition to the primary sequence-based phylogenetic
analyses, we investigated two genomic metacharacter sets
as further evidence for the phylogenetic position of Strepsi-
ptera. Specifically, we studied the phylogenetic signal of
near intron pairs (NIPs) and that of gene order alignments
along the lines with earlier studies that successfully used
them to resolve the phylogeny of other holometabolous
insects [30] and that of vertebrates [31]. The phylogenetic
utility of NIPs is based on the fact that exons smaller than
about 50 nucleotides are rare. Hence, introns found in close
spatial proximity in orthologous genes of different species
are unlikely to have ever coexisted in a single ancestral gene
sequence. It is more likely that one intron is lost before the
other intron is gained. We identified a total of 8,748 NIPs by
studying the gene models of the 4,485 groups of orthologous
NEPC genes. Phylogenetic analysis of the NIP characters, of
which 1,173 were parsimony informative, under the maximum
parsimony (MP) optimality criterion resulted in exactly the
same topology as inferred from the primary sequence data
(Figure 1B; Figure S2; note that Priacma serrata was not
included at this step of our investigation).
The second independent approach for phylogenetic recon-
struction was based on gene order information. Whereas thisapproach allows the genome of the species that has to
be placed in the tree to be fragmented, all others must be
fully assembled at the chromosome level. Accordingly, we
used gene orders for Anopheles gambiae [32] (replacing
Aedes aegypti and Culex quinquefasciatus), Apis mellifera,
Drosophila melanogaster, and Tribolium castaneum, for which
at least partial chromosome assemblies exist, and Nasonia
vitripennis, for which we could exploit linkagemap information
to map a major fraction of its genome to individual linkage
groups. This choice allowed for testing all four aforementioned
conflicting phylogenetic scenarios under the assumption that
Coleoptera and Diptera are more closely related to each other
than to Hymenoptera. Phylogenetic analysis of the spatial
arrangement of 791 and 1,433 genes, respectively, depending
on whether or not A. mellifera with its partial chromosome
assembly was part of the analysis, resulted in a topology
consistent with those obtained with the previous twomethods
(Figure 2).
Given the overwhelming support for a close phylogenetic
relationship of twisted-wing parasites and beetles, which is
also reflected by (1) their high similarity in the protein domain
content, (2) the primary sequence information of noncoding
RNAs, and (3) the results of other phylogenetic analyses,
including those of amino acid sequences (Figures S2 and
S4), we next addressed the remaining question of whether or
not Strepsiptera are highly derived beetles. For this purpose,
we screened contig sequences from an early draft genome
of Priacma serrata (Archostemata), a representative of an
early-divergent lineage of beetles that is the sister group of
all remaining extant Coleoptera [33, 34]. We identified the
sequences of 3,018 of the 4,485 studied orthologous genes
in the P. serrata draft genome and aligned them to the
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Figure 2. Phylogenetic Relationships of Strepsiptera to other Holometabo-
lous Insects Inferred from Gene Order Distances
Numbers above branches are bootstrap support values from estimating
distances with and without Apis mellifera (791/1,433 genes). Recent hypo-
theses on the phylogenetic origin of Strepsiptera are shown in gray. Abbre-
viations: A, Apis; D, Drosophila; N, Nasonia; M, Mengenilla; T, Tribolium. Figure 3. Peculiar Larval Developmental Features of Strepsiptera Reminis-
cent of Those of Hemimetabolous Insects
(A) SEM micrograph of late larval male of Mengenilla chobauti. Left arrow
points to left compound eye; right arrow points to bud of left forewing on
mesothorax; white rectangle defines sector with bud of left hindwing on
metathorax; scale bar represents 500 mm.
(B) Cross-section through compound eye of late larval male of Eoxenos
laboulbenei (Strepsiptera: Mengenillidae). Tissue was stained with basic
fuchsin and methylene blue; scale bar represents 20 mm.
(C) Light microscopic image of left wing bud on metathorax of late larval
male of M. chobauti; scale bar represents 100 mm.
(D) Cross-section through left wing bud on metathorax of late larval male of
E. laboulbenei. Tissue stained with basic fuchsin and methylene blue; arrow
points to the cuticula from a preceding larval stage; scale bar represents
100 mm.
Evolutionary Origin of Strepsiptera
1311sequences of the corresponding orthologs from the aforemen-
tioned insect species. The new matrix of RY-recoded second
codon positions consisted of approximately 1.7 million char-
acters (Table S9). We then repeated the sequence-based
phylogenetic analysis, this time including the data from
P. serrata. The inferred relationships of holometabolous
insects were identical with the previously obtained ones, and
all branches of the phylogenetic tree again received maximal
statistical support (Figure 1B; Figure S2). The sequence data
overwhelmingly support a sister group relationship between
the archostematan beetle (P. serrata) and the polyphagan
beetle (T. castaneum), indicating that Coleoptera represent
a monophyletic group that does not include Strepsiptera.
The analysis of NIPs provided additional and independent
support for Strepsiptera being the sister group of beetles (Fig-
ure 1B; Figure S2).
The first sequenced genome of a twisted-wing parasite
allowed the critical evaluation of current hypotheses on the
phylogenetic origin of the enigmatic insect order Strepsiptera
and provided strong support for Strepsiptera as the closest
living relatives of beetles. Although our taxon sampling did
not include Neuropterida (alderflies, dobsonflies, snakeflies,
ant lions, and relatives), a close phylogenetic relationship
between Neuropterida and Strepsiptera appears unlikely
from a morphological point of view and would, among other
unlikely events, require the independent evolution of postero-
motorism, flight with the hindwings only, and a pupa with
immobile mandibles (pupa adectica) in Coleoptera and
Strepsiptera [2]. A sister group relationship of Strepsiptera
and Coleoptera, which is in accordance with morphological
evidence [2] and results of somemolecular analyses [8, 10, 35],
implies that the appearance of compound eyes and the
presence of wing buds in late larval Strepsiptera are due to
convergence instead of representing ancestral hemimetabo-
lous developmental traits (Figure 1B). This shows that the
sequence of holometabolous development, with late instar
larvae exhibiting wing imaginal discs and only the pupal stage
featuring visible wing buds, is not immutable. The striking simi-
larity of the wing buds and complex eyes of the Strepsiptera
late instar larvae (Figure 3) to those of hemimetabolous insect
nymphs suggests the reuse of a pre-existing developmentalprogram (homoiology), possibly triggered by a simple change
of developmental timing (heterochrony). Our analyses demon-
strate that the development of wing imaginal discs and the
absence of compound eyes in larval stages are ground plan
features of the extremely successful Holometabola and that
Strepsiptera are consequently not the ‘‘missing link’’ between
hemi- and holometabolous insects.
Experimental Procedures
Genome Sequencing and Assembly
The genome of Mengenilla moldrzyki was sequenced using a GS XLR 70
(Titanium) sequencer (Roche, Indianapolis, IN, USA) and tissue samples
collected at the type locality (Tunisia, Parc Nationale du Jebil, N
325804000/E 0090203300). Five PicoTiterPlates were dedicated to an
unpaired shotgun (fragmented) library with genomic DNA from a single
male. Two PicoTiterPlates were dedicated to a 3 kb mate-pair library with
genomic DNA from 14 males. A normalized complementary DNA library
from seven adult males was sequenced on an additional PicoTiterPlate.
The genome and the complementary transcriptome data were assembled
with Newbler 2.3 (Roche). The coverage of the sequenced M. moldrzyki
genome was estimated with the l-mer approach implemented in the soft-
ware GSP 1.06 (http://gsizepred.sourceforge.net). Genome sequences of
Priacma serrata were obtained using an Illumina Hi-Seq 2000 sequencer
(San Diego, CA, USA) to sequence two paired-end fragment libraries with
500 bp inserts using DNA from two adult males collected in Montana
(Gallatin National Forest, N 453502700/W 1110103000). The obtained
sequence reads were assembled with CLCbio’s Genomics Workbench
4.7.1 (Cambridge, MA, USA). Sequence data of the genome shotgun
projects have been deposited in the Dryad data repository (http://
datadryad.org/;doi:10.5061/dryad.ts058) and at DDBJ/EMBL/GenBank
under the accession numbers AGDA00000000 and AGRH00000000.
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We used MAKER 2.02 with the ab initio gene prediction programs Augustus
2.4, GeneMark-ES 2.3a, and SNAP 2010-07-28 to infer models of NEPC
genes [36–40]. We provided MAKER transcript sequences of M. moldrzyki
and those of other Strepsiptera species downloaded fromGenBank (release
179.0; October 5, 2010) and amino acid sequences downloaded from the
UniprotKB and TrEMBL protein databases (October 5, 2010) as extrinsic
evidence. Mitochondrial genes were annotated with MITOS (http://mitos.
bioinf.uni-leipzig.de). Protein domains of NEPC genes were annotated
with Pfam_scan.pl 1.3 and HMMER 3.0 and domains from the Pfam data-
base version 24 [41, 42]. DNA methylation-related proteins were searched
for and annotated with BLAST 2.2.24+ using amino acid sequences of cor-
responding proteins in Apis mellifera from RefSeq version 48 as query [43].
Noncoding RNAs were annotated with transfer RNA (tRNA)scan-SE 1.21
(tRNA genes and tRNA pseudogenes), RNAmmer 1.2 (18/28S and 5S ribo-
somal RNA), BLAST 2.2.8 (ncRNAs in general), rfam_scan.pl 1.0 and Infernal
1.02 (snoRNAs), and GotohScan 2.0 (microRNAs), using sequence data
from the Rfam database 10.0, GenBank, and miRBase 16.0 [44–49]. Ortho-
logy of NEPC genes among species with annotated genome was assessed
with OrthoMCL 2.0 [29]. Orthologous NEPC genes in the early draft genome
of Priacma serrata were identified by reciprocal search using BLAST 2.2.20
and amino acid sequences of NEPC genes from Tribolium castaneum and
M. moldrzyki as queries [46]. The annotated mitochondrial genome of
M. moldrzyki has been deposited at DDBJ/EMBL/GenBank under the
accession number JQ398619. All other annotations are available from the
Dryad data repository (http://datadryad.org/;doi:10.5061/dryad.ts058).
Phylogenetic Analyses
Orthologous amino acid sequences were aligned with MAFFT 6.833b
(L-INS-i algorithm), and the resulting alignments were refined with MUSCLE
3.7 [50, 51]. The amino acid alignments were used as blueprints to align the
corresponding coding sequences using PAL2NAL 13 [52]. To improve the
signal-to-noise ratio in the amino acid alignments of orthologous genes,
we used ALISCORE 2.0 to identify and subsequently remove regions in
the alignment, whose amino acid pattern-matches did not differ from
a random pattern-match [53]. Substitutional saturation was assessed by
calculating the observed distances between sequences and comparing
them with corrected distances calculated with MEGA5 (Tamura-Nei substi-
tution model) and using a guide tree inferred under the ML optimality
criterionwhen analyzing the amino acid supermatrix of all 4,485 orthologous
NEPC genes with RAxML 7.2.8-ALPHA (LG substitution matrix, empirically
estimated amino acid frequencies [+F]; rate heterogeneity among sites
modeled with gamma distribution [+G]) [54, 55]. The relative compositional
variance (RCV) among sequences was calculated with the formula given by
Phillips and Penny [56] and excluding constant sites. The signal-to-noise
ratio in the data was assessed by calculating the proportion of internal
branch lengths to all branch lengths using the minimum evolution (ME)
optimality criterion and measuring the branch lengths in the above guide
tree with PHYLIP 3.69 [57]. Partition schemes and substitution model
parameters were evaluated with ModelGenerator 0.85 [58]. Matrices of
RY-recoded second codon positions were analyzed with RAxML using
the GTRGAMMA model and specifying 14 partitions, each uniting genes
with a similar purine (R) frequency. The concatenated nucleotide sequence
alignment of 13 noncoding RNAs (bantam, mir-124, mir-133, mir-184,
mir-190, mir-263, mir-275, mir-277, mir-305, mir-7, mir-9, U2, and U6atac)
was also analyzed with RAxML 7.2.8-ALPHA under the maximum likelihood
(ML) optimality criterion, using a mixed RNA-DNA substitution model (S7D
model andGTRGAMMAmodel for paired and unpaired nucleotides, respec-
tively). Near intron pair (NIP) characters were analyzed under the MP opti-
mality criterion using PAUP* 4.0b10 (heuristic tree search: random stepwise
addition of taxa [1,000 replicates] and TBR branch-swapping) [59]. Gene
order alignments were studied with the program TIBA using the double
cut-and-join (DCJ) model for distance correction [31]. Statistical bootstrap
support values were estimated from 1,000 (sequence-based and gene order
analyses) and 10,000 (NIP character analysis) replicates. The primary
sequence-based data matrices, the NIP character matrices, and the gene
order alignments have been deposited in the Dryad data repository
(http://datadryad.org/;doi:10.5061/dryad.ts058).
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